Immunotoxins are targeted therapeutics designed to kill cancer cells. The targeting moiety of an immunotoxin selectively binds to a tumor cell and targets it for death via an attached toxin. Because the toxins are typically of plant or bacterial origin, their clinical use is limited by immunogenicity and nonspecific toxicity. To circumvent these problems, we have begun to engineer immunotoxins containing human pancreatic ribonuclease. Here we describe the generation of ribonuclease mutants designed to evade a ubiquitous cytosolic inhibitor that would otherwise block cytotoxicity. Two mutants retained catalytic activity and were relatively resistant to the inhibitor. To deliver them to human T leukemic cells, these ribonuclease variants were fused to a single chain Fv fragment specific for CD7. The ribonuclease-sFv fusion proteins bound CD7 + T cells and were internalized yet were not cytotoxic. Transfection of the proteins directly into the cytosol reduced cell viability, suggesting that the failure of the immunotoxins to kill cells when added externally resulted from the inability of the ribonuclease moiety to access the cytosol efficiently. Our results indicate appropriate intracellular routing, as well as resistance to inhibition, is critical to the cytotoxicity of human ribonuclease-based immunotoxins.
Introduction
Targeted toxins are chimeric proteins designed to kill malignant cells preferentially (Erickson and Pennell, 2002) . These proteins contain a targeting component covalently linked to a toxin. Typically, the toxin is of plant or bacterial origin while the targeting moiety is a ligand or antibody specific for a receptor expressed on the cell population of interest. Targeted toxins containing antibodies or antibody fragments are called immunotoxins (ITs) .
Although numerous ITs have gone into clinical trials, their therapeutic utility has not been fully realized because of immunogenicity and nonspecific toxicity (Frankel et al., 2000) . Most toxins damage vascular endothelial cells, liver cells or renal cells directly or indirectly through the induction of inflammatory responses (Baluna and Vitetta, 1997; Onda et al., 2000) . To minimize toxicity and immunogenicity, investigators have begun to explore ITs containing human-derived effector proteins, such as those in the pancreatic ribonuclease (RNase) A superfamily.
Members of the RNase A superfamily are small (13 kDa), stable secretory proteins that aid in digestion, host defense and angiogenesis (Fett et al., 1985; D'Alessio et al., 1991; Hooper et al., 2003) . Human RNases are present in extracellular fluids and correspondingly are not immunogenic. Host cells are protected from endogenous RNases by ribonuclease inhibitor (RI), a ubiquitous cytosolic protein present at high concentrations (0.01-0.1% of cellular protein). RI binds the active sites of most RNase A family members with femtomolar affinities and is thought to guard cells against rogue RNases that access the cytosol (Lee and Vallee, 1989; Vicentini et al., 1990) .
In contrast to human RNases, frog RNases and bovine seminal RNase (BS-RNase) are resistant to RI and are cytotoxic to human cancer cells. BS-RNase depletes multi-drug resistant tumor cells from ex vivo-expanded blood-derived CD34
+ hematopoietic progenitor cells (Cinatl et al., 1999; Kotchetkov et al., 2000) while RNases isolated from Rana catesbeiana and Rana japonica selectively kill tumor cell lines (Nitta et al., 1994; Liao et al., 1996) . Onconase, which is isolated from the Northern leopard frog Rana pipiens, is being evaluated in a Phase III randomized trial in patients with malignant mesothelioma (Mikulski et al., 2002) . Phase I and Phase II trials showed that renal toxicity was dose limiting and that Onconase was immunologically well tolerated with repeated administration, most probably due to its structural similarity to human RNases (Mikulski et al., , 2002 .
Although Onconase has a similar tertiary structure to mammalian RNase A family members, its affinity for RI is only in the micromolar range (Boix et al., 1996) . This is because many of the RI contact residues identified in mammalian RNase A are absent or substituted in Onconase (Boix et al., 1996) . BS-RNase escapes RI via a different mechanism. BSRNase naturally occurs as a homodimer and, as such, its active sites are sterically inaccessible to RI (Kim et al., 1995a, b) . It follows that human RNase could only be effective as a targeted therapeutic if it was modified to retain catalytic activity and avoid RI-mediated inactivation upon internalization.
Antigens targeted by ITs must be preferentially expressed by tumor cells and internalized upon binding. CD7 is a cell surface differentiation antigen expressed by most normal T and NK cells (Barcena et al., 1995; Sempowski et al., 1999) . CD7 binds galectin I and is required for the delivery of galectin I's proapoptotic signal to T cells (Pace et al., 2000) . CD7 ligation upregulates adhesion molecule expression and plays a role in T and NK cell activation (Shimizu et al., 1992; Leta et al., 1995) . It is internalized rapidly upon binding, is not shed from the cell surface and, notably, is present at high densities on almost all T cell acute lymphoblastic leukemias (T-ALL) (Carriere et al., 1989; Flavell et al., 1991; Tonevitsky et al., 1993) . Together these qualities make CD7 an ideal target antigen for ITs designed to treat T-ALL. CD7-specific ITs have been evaluated clinically, and although all suffered from dose-limiting toxicities such as vascular leak syndrome, many have had antileukemic effects (Frankel et al., 2000) .
In an attempt to improve upon CD7-specific ITs by reducing nonspecific toxicity and immunogenicity, we have now generated RI-resistant RNase 1 mutants and linked them to a CD7-specific single chain Fv (sFv) antibody fragment. We describe the enzymatic characteristics of these RNase 1 variants and the requirements they must meet to function as effective ITs.
Materials and methods

Materials
Escherichia coli strains XL-1 Blue and BL21(DE3)pLysS, and vector pET17b, were from Novagen (Madison, WI). Restriction enzymes were purchased from Invitrogen (Carlsbad, CA) and New England Biolabs (Beverly, MA). Mutations were introduced with Stratagene's QuikChange Site-Directed Mutagenesis kit (La Jolla, CA) using PAGE-purified oligonucleotides from Integrated DNA Technologies (Coralville, IA). The ribonuclease substrate uridylyl-3 0 5 0 adenosine (UpA) was obtained from Sigma (St Louis, MO). Recombinant RI (RNasin) and the TnT Coupled Reticulocyte Lysate System used for the in vitro translation assays were both purchased from Promega (Madison, WI). Alamar Blue, the fluorometric growth indicator used in the in vitro cytotoxicity assays, was from Biosource (Camarillo, CA). The K-562 (chronic myelogenous leukemia) and Molt 3 (T lymphoblastic leukemia) cell lines were obtained from the American Type Culture Collection (Manassas, VA). The CD13 + CD19 + human leukemic cell line SEM K2 was a kind gift from Dr John Kersey (University of Minnesota Cancer Center, Minneapolis, MN).
Mutagenesis
E.coli strain XL-1 Blue was used for plasmid propagation. Genetic alterations were made using PCR-mediated mutagenesis. See Table S-I in the supplementary material (Supplementary data available at PEDS online) for sequences of the mutagenic oligonucleotides. All PCR products were sequenced by the Advanced Genetic Analysis Center at the University of Minnesota to ensure only the intended mutations were introduced. A construct encoding RNase 1 with Gly89 mutated to Arg in vector pCR 2.1 was a gift from Dr Daniel Vallera (University of Minnesota Cancer Center, University of Minnesota). The gene encoding G89R RNase 1 was inserted into the vector pET17b and Arg89 was reverted to the native Gly to yield wild-type RNase 1. K7A RNase 1 was generated by mutating Lys7 in the wild-type RNase 1 construct to Ala. K41R RNase 1 was prepared by mutating Lys41 in the wildtype RNase 1 construct to Arg. Q69A RNase 1 was made by mutating Gln69 in the wild-type RNase 1 construct to Ala. The double mutant Q69A/K41R RNase 1 was prepared by mutating Gln69 to Ala in the K41R RNase 1 construct. The triple mutant RDD RNase 1 was generated by altering Asn88, Gly89 and Arg91 in the wild-type RNase 1 construct to Arg, Asp and Asp, respectively. The quadruplet mutant K7A/RDD RNase 1 contains Lys7 mutated to Ala in RDD RNase 1. The quintuplet mutant K41R/Q69A/RDD RNase 1 was made via mutation of Asn88, Gly89 and Arg91 in the K41R/Q69A RNase 1 construct to Arg, Asp and Asp, respectively.
Native Onconase contains a pyroglutamate residue at the N-terminus formed by Gln1 cyclization (Boix et al., 1996) . This pyroglutamate residue is essential for catalytic activity. Recombinant Onconase has Met at the N-terminus that prevents Gln from cyclizing, resulting in an enzyme with significantly reduced enzymatic activity. To circumvent this problem, we substituted Ser for the N-proximal Gln because this mutation restored activity to 54% of native Onconase values (Newton et al., 1998) .
Fusion protein construction
An oligonucleotide encoding a furin-sensitive peptide (TRHRQPRGWEQL) from Psuedomonas exotoxin A (Goyal and Batra, 2000) was inserted as a SnaBI and XhoI fragment downstream of the RNase in the pET17b construct. A NotI site was included at the 3 0 end of the protease site to allow the anti-CD7 sFv gene to be inserted as a NotI/XhoI fragment. This sFv gene had previously been constructed using a &QJ;(Gly 4 Ser) 3 linker to join the immunoglobulin heavy and light chain variable regions expressed by the hybridoma, 3A1f (Pauza et al., 1997) .
Protein production and purification
Onconase, RNase 1 and the fusion protein constructs were transformed into E.coli strain BL21(DE3)pLysS cells via electroporation. Protein expression was induced by incubation with 1 mM isopropyl-b-D-thiogalactopyranoside for 3 h. Bacterial cell pellets were lysed with a French pressure cell (Thermo Lab Systems, Franklin, MA). Inclusion bodies were harvested by centrifugation, washed exhaustively in salt and detergent buffers and solubilized in denaturing buffer containing 100 mM Tris, pH 8.0, 6 M guanidine-HCl, 2 mM EDTA and 300 mM dithioerythritol. Denatured proteins were refolded by their dropwise addition to refolding buffer at 10 C to a final concentration of 30 mg/ml and a final dilution of 1:100 denaturating:refolding buffer. The refolding buffer was 100 mM Tris, pH 8.0, 500 mM arginine, 8 mM oxidized glutathione and 2 mM EDTA. Fusion proteins were refolded in either this buffer or one in which 2 M urea was substituted for arginine (when proteins were to be directly applied to a cation column). Refolded proteins were incubated at 10 C for 48 h. Samples were concentrated by ultrafiltration using YM membranes (Amicon, Billerica, MA).
RNase and RNase-sFv proteins were purified using fast performance liquid chromatography with a S-sepharose cation column (Sigma). Fractions containing proteins of the predicted MW were exchanged into phosphate-buffered saline (PBS) and applied to a heparin column (Pharmacia, Piscataway, NJ). Proteins were eluted with a 0-1 M NaCl gradient in PBS. Fractions were screened via SDS-PAGE, pooled, concentrated using centrifugal filters (Amicon), desalted and glycerol added to 5%. No detectable difference was seen in the activity levels between the two different refolding conditions. Protein concentrations were determined by A 280 , using S 280 0.53 ml mg À1 cm À1 for RNase and/or a Bradford assay using BSA, to generate a standard curve. All proteins were stored at À80 C.
Ribonucleolytic activity assay
Enzymatic activity was assessed spectrophotometrically based on the assay of Witzel and Barnard (1962) . The concentration of the substrate UpA was determined spectrophotometrically using S 280 16 300 M À1 cm À1 . Kinetic assay buffer consisted of 50 mM MES, pH 6.0 and 125 mM NaCl. Final enzyme concentrations were between 10 nM and 1 mM and UpA concentrations ranged from 25 to 1000 mM. The reaction was started with the addition of RNase. Depletion of UpA was measured at A 280 with the Genesys 2 spectrophotometer (Thermo Lab Systems). Initial velocities were entered into the EZ-Fit program (Perella Scientific, Amherst, NH) to calculate K m and V max values.
In vitro translation assay
An in vitro translation assay (the TnT Coupled Reticulocyte Lysate System) measured alterations in RNase activity in the presence of RI. Rabbit reticulocyte lysate cocktail was prepared including T7 polymerase, DNA encoding the luciferase gene under control of the T7 promoter, complete amino acids and kit buffer. The cocktail was quartered and RI added to the appropriate concentration (0, 2.5, 25 or 250 nM). Lysate cocktail with RI was then aliquoted and RNases added to a final concentration of 25 nM. Controls included samples with PBS substituted for RNase and samples with no DNA to determine background. Samples were incubated at 30 C for 90 min, diluted and translation of luciferase quantified by addition of the luciferase substrate luciferin (Promega), and light emitted read out on a luminometer (Monolight 3010, Pharmingen; San Diego, CA). Samples were prepared in duplicate and experiments replicated at least two to six times. Values are expressed as fold variant RNase activity over WT RNase activity.
In vitro cytotoxicity
All cell lines were maintained in RPMI 1640 (Mediatech, Herndon, VA) supplemented with 10% fetal bovine serum, 100 U/ml streptomycin and 100 mg/ml penicillin G (Gibco, Carlsbad, CA) in a 37 C humidified incubator with 5% CO 2 . The cytotoxicities of the mutant RNase and fusion proteins were assessed on K-562 cells, and Molt 3 and SEM K2 cells, respectively. Cells in complete media were plated at 10 4 cells/ml in 96-well plates and sterile filtered proteins were added to the appropriate concentrations. Cells were incubated for 45 h followed by the addition of Alamar Blue to 10% well volume and incubated an additional 5-9 h. Fluorescence was detected with a Cytofluor II plate reader (Biosearch; Bedford, MA) using wavelengths of 530 nm for excitation and 590 nm for emission. Each treatment was done in triplicate and experiments were replicated at least three times. Values are expressed as percent viable versus control cells treated with PBS 6 5% glycerol unless otherwise indicated.
Binding assays
SFv-RNase binding was measured by flow cytometry in blocking assays. CD7
+ Molt 3 cells were incubated in PBS containing 2% fetal bovine serum and 0.02% sodium azide with varying amounts of sFv-RNase fusion proteins, BSA (negative control) or CD7-specific monoclonal antibody 3A1e (positive control). The epitope specificity of 3A1e is indistinguishable from that of 3A1f, the antibody from which the sFv is derived (Pauza et al., 1997) . Therefore 3A1e and 3A1f block the binding of each other. Following incubation with the sFv-RNase fusion or control proteins for 30 min at 4 C, the Molt 3 cells were extensively washed in assay buffer and incubated in 100 ml with 5 mg (333 nM) fluorescein isothiocyanate (FITC)-conjugated 3A1e or isotype control antibodies for another 30 min at 4
C. The cells were washed again and analyzed immediately. Data were collected on a FACSCaliber (BD Biosciences, San Jose, CA) and analyzed with Flow Jo version 3.4 software (Tree Star Inc., Ashland, OR).
To assess internalization subsequent to binding, fusion proteins were labeled with AlexaFluor488 according to the manufacturer's protocol (Molecular Probes, Eugene, OR). Cells were incubated with 100 nM of labeled proteins for 30-45 min at 37 C or 4 C, washed extensively in PBS and fixed in 1% paraformaldehyde. Cells were then allowed to adhere to lysine-coated coverslips and washed again before mounting coverslips to slides using Vectashield (Vector Labs, Burlingame, CA). Cells were visualized on a Nikon Eclipse TE300 microscope (Nikon, Melville, NY).
Protein transfection
Cells were transfected with the proteins plus ProteoJuiceÔ (Novagen, Darmstadt, Germany) according to the manufacturer's protocol. Transfections were performed in serum-free media. Three hours after exposure to the protein/ProteoJuiceÔ complex, media containing 10% fetal bovine serum was added. Cells were incubated 44 h following transfection. Alamar Blue was used to determine cell metabolism as described above. Viability was compared to wild-type RNase 1/sFv fusion protein treated cells and the experiments replicated at least three times.
Disulfide conjugation to IgG
RNase 1 mutants or Onconase were cross-linked to anti-CD7 antibody 3A1e or control antibody mouse IgG (Pierce, Rockford, IL) with N-succinimidyl 3-(2-pyridyldithio) propionate (SPDP; Pierce). Briefly, RNases and antibodies were incubated with SPDP at a molar ratio of 1:4 for 1 h separately. Free SPDP was removed and the RNase samples were reduced with 5 mM DTT. After removal of residual DTT, the RNases and antibodies were mixed at a 1:1 molar concentration. Reactions were allowed to proceed overnight at room temperature. Products were purified via size exclusion chromatography on a HR 200 column (Pharmacia).
Statistics
The one-tailed Student's t-test was used to determine statistical significance.
Results
RNase 1 mutant design
Our initial goal was to generate active RNase 1 variants resistant to RI. Since the crystal structure of the RNase 1/human RI (hRI) complex has not been published, we identified RNase 1 residues that putatively contact hRI based on the crystal structure of bovine pancreatic RNase A/porcine RI (pRI) and the homology between RNase A and RNase 1 (Kobe and Deisenhofer, 1996) . The sequence of RNase 1 and locations of mutated residues are shown in Figure 1 (these residues are illustrated in the structure of the RNase A/pRI complex in Supplementary Figure S1) .
RNase A and RNase 1 share 70% amino acid identity; most of the other residues are conservative substitutions. A major exception lies in the more basic N-terminal region of RNase 1. This feature has made crystallization of RNase 1 difficult, necessitating deletion or mutation of the N-terminus to determine RNase 1 structure (Pous et al., 2000 (Pous et al., , 2001 . The N-terminal RNase 1 variants and RNase A are composed of three a-helices and seven b-strands with seven connecting loops (L) and are stabilized by four disulfide bonds. Gly88 in L6 of RNase A makes multiple contacts with pRI (Kobe and Deisenhofer, 1996) . Because the ability of the corresponding residue (Gly89) in RNase 1 to contact RI is apparently dependent on flanking residues in L6 (Pous et al., 2000; Gaur et al., 2001; Leland et al., 2001) , we generated the triple RNase 1 mutant N88R/G89D/R91D (RDD) to determine if these residues combined to confer gains in cytotoxicity due to enhanced RI resistance.
A second putative RI contact residue in RNase 1 targeted for mutation was Lys41 in L2. Lys41 of RNase A is an active site residue with nine close pRI contacts (Kobe and Deisenhofer, 1996) . Altering Lys41 of RNase A by carboxymethylation reduced hRI binding by 88% relative to native RNase A (Blackburn and Gavilanes, 1980) . Mutating Lys41 to Arg in G88R RNase A reduced catalytic activity relative to the single G88R mutant, but also resulted in a further reduction in RI inhibition. The decrease in RI inhibition outweighed the loss in catalytic activity and resulted in a 3-fold enhancement of cytotoxicity towards K-562 cells over G88R RNase A alone (Bretscher et al., 2000) . Based on these studies and the conservation of Lys41 in RNase 1, we chose it as the second site to mutate.
Residues within RNase A L4 make multiple contacts with a four amino acid loop in pRI (Kobe and Deisenhofer, 1996) . Kumar et al. (2004) recently demonstrated the importance of this interface region to RNase/RI binding by altering two residues each to Trp and deleting one residue in the 408-411 loop of hRI. These changes impeded docking of RNase A and RNase 1 to the mutant hRI as neither RNase was detectably inhibited. One of the residues in RNase A that contacts the 408-411 loop of pRI is Gln69 in L4 (Kobe and Deisenhofer, 1996) . In an effort to reduce RI binding, we mutated Gln69 to Ala in RNase 1. Q69A was generated both as a single mutant and in combination with K41R in L2 (to disrupt two putative regions of the RNase 1/hRI interface).
The N-terminus of RNase A also contributes significantly to pRI binding. A hybrid protein consisting of the first 11 amino acids of RNase 1 substituted with the first 9 residues of Onconase showed a 100-fold reduction in hRI binding (Boix et al., 1996) . In addition, truncating the first seven amino acids of RNase 1 inhibits its binding to hRI (Futami et al., 1995) . Lys7 appears to be a key residue in the N-terminal region as it makes seven contacts with RI (Neumann and Hofsteenge, 1994; Kobe and Deisenhofer, 1996) . Mutating Lys7 to Ala in RNase A lowered RI affinity 1000-fold and this mutation, in combination with G88R, increased cytotoxicity seven times over G88R RNase A alone (Haigis et al., 2002) . Therefore, we generated K7A RNase 1 to assess its binding to hRI.
Protein yields
All recombinant proteins were expressed in E.coli as inclusion bodies, then denatured, refolded and purified by cation chromatography. The final yields of functional, refolded proteins for the RNase mutants and RNase-sFv fusions ranged from 20 to 30 and 1 to 2 mg/l culture, respectively. These amounts represent $60% and <10% of the initial inclusion body yields, respectively. The lower amounts of functional fusion proteins relative to the RNase mutants reflect both reduced expression levels and higher losses after refolding that occurred primarily during their concentration.
Enzyme activity
Enzymatic activity was quantified by measuring degradation of the substrate UpA (Table I ). The single mutants K7A and Q69A showed no significant changes in catalytic activity versus wild-type RNase 1. K41R resulted in a 70-fold reduction in enzymatic activity, similar to both the 60-and 100-fold reductions reported for K41R RNase 1 and K41R RNase A activity, respectively (Messmore et al., 1995; Leland et al., 2001) . K41R also reduced catalytic activity in the K41R/ Q69A double mutant 65-fold versus the Q69A single mutant. In the K41R/Q69A/RDD quintuple mutant, K41R resulted in a 105-fold decrease in activity versus RDD.
In contrast, the triple RDD mutant exhibited a 2-fold increase in activity. Raines and co-workers reported a similar small increase in the activity of their ERDD RNase 1 mutant (Leland et al., 2001) . Surprisingly, the K7A mutation did not affect the enzymatic efficiency as a single mutant compared to 
RI-mediated inhibition of RNase 1 mutants
Inhibition of the mutants' enzymatic activity by RI was assessed by quantifying in vitro translation levels of luciferase mRNA in the presence of mutant or wild-type RNase and varying concentrations of RI. The single mutants K41R, Q69A and G89R, and the K41R/Q69A double mutant were equivalent to wild-type RNase 1 in terms of RI sensitivity ( Figure 2 and Table II ; data not shown). K7A exhibited a slight increase in activity in the presence of RI versus wild-type RNase 1 while RDD showed significant (P < 0.005) reduction in inhibition by RI (Figure 2 ). The K7A/RDD mutant was more resistant to RI than the triple RDD mutant alone, and the K41R/ Q69A/RDD quintuple mutant exhibited even larger reductions in RI inhibition. There were dose-dependent responses of all RNase 1 variants to increasing concentrations of RI (data not shown). Thus, the mutants were still inhibited by RI but to a lower degree than wild-type RNase 1. Onconase served as a positive control in these assays. It was not significantly inhibited by RI at all concentrations tested (data not shown).
Cytotoxicity of RNase 1 mutants towards K-562 cells
RNase cytotoxicity in vitro was assessed using the human chronic myelogenous leukemic cell line, K-562. K-562 cytotoxicity induced by RNase 1 correlated with RI resistance. Only the K41R/Q69A/RDD and K7A/RDD mutants had IC 50 values <10 mM (7.4 6 1.8 and 6.7 6 2.0 mM, respectively) ( Figure 3 ). As expected, Onconase was the most cytotoxic with an IC 50 value of 0.18 6 0.14 mM. These data suggest the RI-resistant RNase 1 mutants could function as toxin moieties in ITs.
Properties of RNase 1-sFv ITs
In an attempt to increase the potency of the RI-resistant RNase 1 variants, we generated ITs by genetically fusing K41R/Q69A/RDD or K7A/RDD to an sFv fragment derived from the human CD7-specific antibody 3A1f. We previously showed that ricin toxin A chain linked to the same CD7-specific sFv fragment was specifically cytotoxic at low concentrations (IC 50 value of 15 pM), consistent with the IT's efficient uptake via receptor-mediated endocytosis (Pauza et al., 1997) . We reasoned RNase 1 would similarly be more cytotoxic if internalized specifically by CD7-mediated endocytosis rather than pinocytosis or some other non-specific mechanism. An Onconase-sFv fusion protein was also constructed as a positive control. A furin protease-sensitive site from Pseudomonas exotoxin A was introduced between the RNases and sFv, as it had been shown to increase potency in another RNase-based IT (Goyal and Batra, 2000) . Separation of the sFv and toxin by furin-mediated cleavage of the spacer was thought to facilitate translocation of the toxin to the cytosol. The sFv was placed at the RNase C-terminus to minimize interaction with N-terminal catalytic residues ( Figure 4A ). Values are the activities of the mutant RNases relative to wild-type RNase 1. K7A and RDD were significantly more active than wild-type RNase 1 (P < 0.05 and P < 0.003, respectively), and K7A/RDD and K41RD/Q69A/RDD were significantly more active than RDD (P < 0.05). and RDD were significantly more cytotoxic than wild-type RNase (P < 0.05 and P < 0.001, respectively) and K41R/Q69A/RDD and K7A/RDD were significantly more cytotoxic than RDD (P < 0.001).
IT cytotoxicity was assessed on the CD7 + human T cell leukemia line, Molt 3. The CD7 À leukemic cell line SEM K2 served as a negative control. Contrary to our expectations, the two RNase 1-sFv ITs did not kill Molt 3 cells ( Figure 4B ). Onconase-sFv was cytotoxic to Molt 3 cells but at equivalent levels to Onconase alone ( Figure 4B ). The positive control for these experiments was DA7, an IT composed of deglycosylated ricin toxin A chain disulfide-linked to an intact anti-CD7 antibody 3A1e (Vallera et al., 1996) . DA7 reduced Molt 3 cell viability to 3% at 5 nM while SEM K2 cells were not significantly affected (data not shown). These data indicate the Molt 3 cells are sensitive to a CD7-specific IT and suggest that either the RNase 1-sFv ITs are less potent than DA7 or they do not access the cytosol as efficiently. Another CD7 + T cell line, Jurkat, showed similar results (data not shown).
The inability of the RNase 1-sFv ITs to kill cells was not due to the loss of function in either the targeting or toxin moieties in the fusion proteins. At 1 and 0.1 mM, the monovalent RDD-and K7A/RDD-sFv fusion proteins were equivalent to each other and the unconjugated divalent CD7-specific antibody 3A1e in their ability to block binding of 0.33 mM of FITC-conjugated 3A1e to Molt 3 cells ( Figure S2A ; Supplementary data).
The ITs blocked binding less efficiently than the unconjugated antibody at the lowest concentration tested (0.01 mM). We speculate this reflects the higher avidity of the divalent antibody rather than reduced immunoreactivity of the ITs (owing to a high proportion of misfolded protein). However, a quantitative comparison between monovalent recombinant sFv and biochemically purified 3A1e Fab fragments is required to determine this directly. Regardless, the ITs bound CD7 + cells and were subsequently internalized ( Figure S2B ). Moreover, the enzymatic activity of each RNase 1 variant alone was equivalent to its activity when fused to the sFv fragment (data not shown). Together these data indicate both IT moieties were functional.
Because stability is a key factor for IT efficacy, we tested fusion protein integrity. The ITs were incubated at 37 C with media containing serum that was unconditioned or tumor cellconditioned for 1.5 h before analysis in a far western assay using a CD7/IgG fusion protein probe. Neither RNase 1-sFv IT was detectably degraded (data not shown). As internalization of anti-CD7 antibodies and sFv fragments occurs rapidly (Pauza et al., 1997) , our results suggest the fusion proteins were not degraded before uptake.
Protein transfection
To determine if the ITs could kill cells if artificially introduced into the cytosol, Onconase-, K7A/RDD-, RDD-and wild-type RNase 1-sFv fusion proteins were transfected into Molt 3 cells ( Figure 5 ). K7A/RDD-sFv was chosen because the K7A/RDD mutant was the most cytotoxic towards K-562 cells (Table II) . Transfected Onconase-sFv was consistently and significantly (P < 0.05) cytotoxic towards Molt 3 cells with an IC 50 value of 50 nM. The two RNase 1 fusions showed increased cytotoxicity over wild-type RNase 1-sFv, but only the K7A/RDD-sFv was significantly (P < 0.05) different from wild-type RNase 1. This was consistent with its enhanced cytotoxicity towards K-562 cells relative to the RDD and wild-type RNase 1 (Table II) . IC 50 values for the RNase 1-sFv proteins were not determined because of limitations imposed by the transfection reagents (i.e. higher protein concentrations necessitated increasing the amount of transfection reagent to toxic levels).
These data suggest that although the resistance to RI conferred by the K7A and RDD mutations was detectable in our in vitro translation assay, it was insufficient to overcome inhibition in vivo. The data also indicated that Onconase was cytotoxic if it gained access to the cytosol, suggesting that the Onconase-sFv protein was not being efficiently routed to the cytosol upon internalization.
RNase disulfide conjugates
Onconase has been shown to be an effective IT when conjugated to an anti-CD22 antibody via a disulfide bond (Newton et al., 2001 ). Therefore we disulfide-linked Onconase, K7A/ RDD and K41R/Q69A/RDD to a CD7-specific antibody. Of these conjugates, only Onconase was specifically and potently cytotoxic ( Figure 6 ). It killed CD7
+ Molt 3 cells but was not cytotoxic to SEM K2 CD7 À cells. These data suggest efficient access to the cytosol and RI evasion are both necessary for RNase-based ITs to be effective as targeted therapeutics.
Discussion
Our long-term goal is to develop humanized ITs for cancer therapy. As a first step towards achieving this goal, we constructed human RNase 1 variants that retained catalytic activity in the presence of the ubiquitous cytosolic inhibitor RI. Residues in four major regions of RNase 1 predicted to contact hRI were mutated in a stepwise fashion. These four regions were the N-terminal a1 helix, L2, L4 and L6. Single mutations were generally insufficient to evade RI; multiple RNase 1 residues had to be altered to generate mutants active in the presence of RI. CD7-specific ITs containing these RI-resistant RNase 1 variants, however, were not cytotoxic to CD7 + T-ALL lines. Transfection of the ITs directly into the cytosol reduced cell viability, suggesting their failure to kill cells when added externally resulted from the inability of the RNase to access the cytosol efficiently. Our results indicate appropriate intracellular routing and resistance to inhibition both are critical to the cytotoxicity of RNase 1-based ITs.
RI-resistant RNase 1 mutants must retain sufficient enzymatic activity to be cytotoxic. Futami et al. (1995) reported that although deletion of residues 1-7 of RNase 1 reduced RI inhibition, fusing this mutant to fibroblast growth factor did not increase cytotoxicity over wild-type RNase 1 fusions (Futami et al., 1999) . The loss in catalytic activity apparently negated the gain resulting from RI evasion. Similarly, Onconase mutants with low catalytic activity have reduced cytotoxicity (Wu et al., 1993; Boix et al., 1996; Lee and Raines, 2003) . Therefore, any RNase 1 mutation strategy must balance a gain in resistance to hRI with a potential loss in ribonucleolytic activity to yield a cytotoxic variant. Table II summarizes the characteristics of cytotoxic RNase 1 variants and highlights the importance of RI evasion for cytotoxicity. This is especially true for the quintuple K41R/Q69A/RDD RNase 1 mutant where losses in catalytic activity were counterbalanced by gains in RI evasion. The enzymatic activity of K41R/Q69A/RDD RNase 1 was significantly less than RDD RNase 1. However, the quintuple mutant was more active than the triple mutant in the presence of RI and was correspondingly more cytotoxic towards K-562 cells. These data indicate the reduced catalytic activity and enhanced RI resistance introduced by the five mutations yielded a positive tradeoff that translated to increased cytotoxicity towards K-562 cells. It is likely that any changes to RI binding induced by K41R/Q69A alone were minimal as the K41R and Q69A single mutants, the K41R/Q69A double mutant and the wild-type protein were equivalently sensitive to RI in the in vitro translation assay, and none was cytotoxic. It appears that structural changes in L2/L4 owing to the K41R/Q69A mutations, combined with the RI binding strain induced by the RDD changes in L6, more profoundly impact RI binding to RNase 1 than either set of changes alone.
In contrast to the single K41R and Q69A mutants, the single K7A RNase 1 mutant had detectable cytotoxicity, though at a lower level than seen by Gaur et al. (2001) . We suspect this results from assay differences as Gaur et al. (2001) found wildtype RNase 1 was also cytotoxic. The K7A mutation did not significantly alter catalytic activity relative to the wild type but it did enhance resistance to RI-mediated inhibition. This is consistent with structural data showing Lys7 of RNase A interacts with RI (Kobe and Deisenhofer, 1996) .
In an effort to enhance their cytotoxicity, we linked the RNase 1 mutants to an anti-CD7 sFv targeting moiety to allow efficient internalization of RNase-sFv/CD7 complexes. CD7 appears to be internalized via coated pits upon ligand binding (Carriere et al., 1989) . Correspondingly, fluorescently-labeled RNase-sFv proteins were internalized and accumulated in endosomal compartments upon incubation with CD7
+ cells at 37 C while 4 C incubation resulted in only surface staining ( Figure S2B ; Supplementary data). These observations indicated that the fusion proteins bound the cell surface and were internalized. However, they were no more cytotoxic than RNase alone. Their lack of cytotoxicity 
RNase-based immunotoxins
was not due to decreased RNase enzymatic activity or protein degradation. Together these data suggested that the RNase moieties were not being efficiently routed from the endosomes to the cytosol subsequent to internalization.
To test this hypothesis, the ITs were introduced into the cytosol directly via transfection. Transfected Onconase-sFv was now cytotoxic (IC 50 value of 50 nM) and mutant RNase 1 fusions were more cytotoxic than wild-type RNase 1/sFv ( Figure 5) . However, the transfected RNase 1 fusions were not as consistently cytotoxic as Onconase fusions, and only the K7A/RDD RNase 1-sFv was significantly different from the wild-type RNase 1-sFv. This was expected because K7A/RDD RNase 1 was more active in the presence of RI than RDD (Table II) .
ITs composed of native Onconase disulfide-linked to an anti-CD22 antibody are specifically cytotoxic, suggesting that reduction upon internalization allows Onconase to access the cytosol (Newton et al., 2001) . We therefore asked if the cytotoxicity of K7A/RDD could be enhanced if it was disulfide-linked to 3A1e, a CD7-specific antibody, rather than fused directly to a CD7-specific sFv fragment. An Onconase-3A1e conjugate was specifically cytotoxic towards Molt 3 cells with an IC 50 value of 2 nM. Onconase alone has an IC 50 value of $2 mM with Molt 3 cells; therefore, antibody conjugation resulted in nearly a 1000-fold increase in potency. In contrast, RNase 1-3A1e disulfide-linked conjugates were not cytotoxic at any concentration used, even at 100-fold higher concentrations relative to the Onconase conjugate. These data suggest either the RNase 1 proteins did not efficiently access the cytosol or if they did, they were inhibited by RI. Given that K7A/RDD-sFv was cytotoxic at 50 nM in the transfection assay, it seems more likely that the proteins were not efficiently accessing the cytosol.
RNase 1 cytotoxicity may be limited by lysosomal degradation. Endocytosed RNase A and RNase 1 variants accumulate in the lysosomal compartment (McElligott et al., 1985; Bosch et al., 2004) , most probably owing to binding to a lysosomal receptor (Cuervo and Dice, 1996) . Perhaps a portion of the RNase 1 from the fusions was targeted to the lysosomal compartment directly or indirectly from the cytosol upon translocation. Lysosomal routing issues have been examined with other ITs. Manske et al. (1989) found variability in cytotoxicity between two CD5 targeted ITs was due to differences in the kinetics of the ITs routing to lysosomes.
RNase 1 can generate effective fusion protein ITs in other systems. Recently, it was genetically fused to an anti-ErbB2 sFv (De Lorenzo et al., 2004) . This construct had an IC 50 value of 12.5 nM on SKBR3 cells, but it should be noted that the sFv alone induces death of these cells with an IC 50 value of 200 nM (De Lorenzo et al., 2002) . Interestingly, Onconase augments the effects of several cytotoxic agents (Mikulski et al.,1990 (Mikulski et al., , 1992 Ryback et al., 1996; Deptala et al.,1998; . Onconase potentiation may be due to specific inhibition of survival pathways (Deptala et al., 1998) . It is possible a similar phenomenon may be at play with the RNase 1/antiErbB2 sFv construct.
Cytotoxic RNase 1 fusions with epidermal growth factor have been generated with IC 50 values of 0.25 and 3 mM on A431 and TE-1 cells, respectively (Psarras et al., 1998) . However, the epidermal growth factor alone was toxic to the A431 cell line used in this assays, arguing that these results should be interpreted cautiously (Filmus et al., 1985; Kottke et al., 1999) .
Cytotoxic RNase 1 fusions with IL-2 and fibroblast growth factor have also been produced (Futami et al., 1999; Psarras et al., 2000) . IL-2 and fibroblast growth factor are uniquely internalized. IL-2 receptor undergoes clathrin-independent endocytosis while fibroblast growth factor binds cell surface heparan sulfate proteoglycan and can be routed to the nucleus which does not contain RI (Hawker and Granger, 1991; Woodward et al., 1992; Amalric et al., 1994; Ferriani et al., 1994; Lamaze et al., 2001) . In contrast, CD7 appears to undergo clathrin-mediated endocytosis (Carriere et al., 1989) . Therefore differences in internalization pathways may explain the variability in potency of RNase 1 fusion proteins. Together these data suggest our RI-resistant RNase 1 variants will be useful as IT components when linked to targeting moieties that permit high enough concentrations of RNase to reach the cytosol.
